EcpA, an extracellular protease, is a specific virulence factor required by Xanthomonas oryzae pv. oryzicola but not by X. oryzae pv. oryzae in rice Previously, 12 protease-deficient mutants of the Xanthomonas oryzae pv. oryzicola (Xoc) RS105 strain were recovered from a Tn5-tagged mutant library. In the current study, the Tn5 insertion site in each mutant was mapped. Mutations in genes encoding components of the type II secretion apparatus, cAMP regulatory protein, integral membrane protease subunit, S-adenosylmethionine decarboxylase proenzyme and extracellular protease (ecpA Xoc ) either partially or completely abolished extracellular protease activity (ECPA) and reduced virulence in rice. Transcription of ecpA Xoc was induced in planta in all the mutants except RDecpA. Complementation of RDecpA with ecpA Xoc in trans restored ECPA, virulence and bacterial growth in planta. Purified EcpA Xoc induced chlorosis-and necrosis-like symptoms similar to those induced by the pathogen when injected into rice leaves. Heterologous expression of ecpA Xoc conferred ECPA upon the vascular bacterium X. oryzae pv. oryzae (Xoo) and upon non-pathogenic Escherichia coli. Genetic analysis demonstrated that the C-terminal residues of EcpA in Xoo PXO99 A and Xoc RS105 are different, and a frame shift in ecpA Xoo may explain the absence of EcpA activity in Xoo. Collectively, these results suggest that EcpA Xoc is a tissue-specific virulence factor for Xoc but not Xoo, although the two pathovars are closely related bacterial pathogens of rice.
INTRODUCTION
The yellow-pigmented Gram-negative bacteria Xanthomonas oryzae pv. oryzicola (Xoc) and X. oryzae pv. oryzae (Xoo) are the causal agents of bacterial leaf streak (BLS) and bacterial blight (BB) of rice, respectively. The nonvascular pathogen Xoc infects rice through stomata openings, multiplies in the substomatal cavity and invades the leaf parenchyma intercellularly. BLS symptoms appear on rice leaves as small, interveinal, water-soaked lesions that later become yellowish-grey and translucent (Ou, 1985; Niño-Liu et al., 2006) . In comparison, Xoo invades rice leaves through hydathodes and colonizes the vasculature by propagating in the xylem (Ou, 1985) . BB symptoms are visible as tannishgrey to white lesions on leaves that may extend to the sheath due to systemic colonization (Gnanamanickam et al., 1999) . Substantial progress has been made in identifying what virulence factors contribute to the unique disease symptoms and infection routes in these two pathovars. These efforts have been facilitated by elucidation of the genome sequences of Xoc strain BLS256 (Bogdanove et al., 2011) and Xoo strains KACC10331 (Lee et al., 2005) , MAFF311018 and PXO99 A . It is assumed that tissue-specific factors exist in Xoc that differ from those in Xoo.
In general, the ability of phytopathogenic bacteria to cause disease is the result of co-evolution between pathogens and host plants. Pathogens possess sophisticated virulence IP: 54.70.40.11
On: Sun, 16 Jun 2019 04: 05:55 factors that can actively overcome plant defence responses and hijack host cell machinery for the pathogen's benefit (Shao et al., 2003; Johnson et al., 2006; Xiang et al., 2008) . At least six protein secretion systems, types I-VI, are implicated in secreting virulence factors from bacterial pathogens into plant cells (Thanassi & Hultgren, 2000; Büttner & Bonas, 2010) . Both type II and type III secretion systems (T2SS and T3SS, respectively) function in virulence factor secretion in Xoc and Xoo (Ray et al., 2000; Zou et al., 2006; Cho et al., 2008) .
The T2SS is involved in the secretion of many important effectors in Gram-negative pathogenic bacteria (Johnson et al., 2006) . The T2SS in Xanthomonas is encoded by at least 12 genes, designated xpsC to xpsN, and these function to transport a group of seemingly unrelated proteins across the outer membrane of the bacterial cell. In general, the T2SS is responsible for the extracellular secretion of toxins, proteases, cellulases and lipases, which contribute to pathogenesis in both plants and animals (Dow et al., 1989; Cianciotto, 2005; DebRoy et al., 2006) . These secreted proteins are synthesized with signal peptides and are initially transported into the periplasm by Sec-or Tat-dependent processes. The proteins are then secreted from the periplasm to the extracellular environment through the outer membrane by a complex assembly of proteins (de Groot et al., 1991; Voulhoux et al., 2001) .
Many of the enzymes secreted by the T2SS in phytopathogenic bacteria degrade plant cell wall components and contribute to disease symptomology. The presence of 30-40 genes potentially encoding cell wall-degrading enzymes (CWDEs) in the genome of Xanthomonas spp. indicates the importance of these genes in plant pathogenesis (Dow et al., 1990; Lee et al., 2005; Ochiai et al., 2005; Salzberg et al., 2008) . In Xoo, several of these enzymes have been shown to be involved in virulence or to be induced in planta, including xylanase (Ray et al., 2000; Rajeshwari et al., 2005) , cysteine protease homologue CysP2 (Furutani et al., 2004) , cellulase and endoglucanase (Hu et al., 2007) . However, it remains unclear what virulence factors are secreted via the T2SS of Xoc.
The intensity of extracellular protease activity (ECPA) in BLS pathogenic strains has been used as an index for virulence assessment in rice, particularly because Xoo does not possess ECPA (Liang et al., 1994) . The role of extracellular protease in the elicitation of disease symptoms by Xoc is unclear. In this report, we mapped the transposon insertion sites in 12 Xoc Tn5-tagged mutants that showed reduced levels of extracellular protease and attenuated virulence on rice (Zou et al., 2011b) . One mutant had a disruption in ecpA, which encodes an extracellular protease. Genetic analysis revealed that the ecpA locus in Xoc differs from that in Xoo, which is noteworthy, since ECPA was not detected in the latter pathogen. These findings are discussed relative to the different infection strategies utilized by these two closely related pathovars.
METHODS
Bacterial strains and growth conditions. All Xanthomonas strains (see Supplementary Tables S1 and S2 available with the online version of this paper) were cultured in nutrient broth (NB) or NB with 1.5 % agar (NA) at 28 uC (Zou et al., 2006) . For deletion mutagenesis, NAN (NA without sucrose) and NAS (NA containing 10 % sucrose) were used (Li et al., 2011) . Escherichia coli strains (Table S2) were cultured in Luria-Bertani (LB) medium at 37 uC (Sambrook & Russell, 2001) . Antibiotics were added at the following concentrations: ampicillin (Ap), 100 mg ml 21 ; kanamycin (Km), 20 mg ml 21 ; spectinomycin (Sp), 50 mg ml 21 ; and rifampicin (Rif), 75 mg ml 21 .
DNA manipulations. Standard DNA manipulations were performed as described by Sambrook & Russell (2001) . Conjugal transfer of DNA between E. coli and Xanthomonas strains was performed as described previously (Zou et al., 2006) . Restriction enzymes, T 4 DNA ligase and Ex-Taq polymerase were purchased from TaKaRa and used as recommended by the manufacturer. Primers used for PCR are listed in Table S3 .
Assay for ECPA. The ECPA assay was performed as described by Dow et al. (1998) . Briefly, 2 ml Xanthomonas cells (OD 600 0.5) were spotted onto NA containing 5 % skimmed milk. The appearance of a halo surrounding the colonies indicated the secretion of extracellular proteases. Halo diameters were measured to quantify proteolytic activity 48 h post incubation on 5 % skimmed milk NA plates.
Construction of protease-defective deletion mutants. To investigate the possibility that EcpB (AEQ97125.1) plays a role in the extracellular proteolytic activity in Xoc, this gene (XOC_3026) was deleted using the suicide vector pKMS1 (Zou et al., 2011a; Li et al., 2012) . Two fragments flanking the ecpB gene, ecpB1 (348 bp) and ecpB2 (504 bp), were amplified from strain RS105 genomic DNA using the primer pairs ecpB1-F/ecpB1-R and ecpB2-F/ecpB2-R (Table  S3 ), respectively. The ecpB1 and ecpB2 fragments were then ligated into pKMS1 at XmaI and PstI sites, resulting in pKecpB, which was suspended in Tris-EDTA buffer at 100 ng ml 21 . A 10 ml volume of pKecpB preparation was mixed with 100 ml Xoc RS105 competent cells, and pKecpB was introduced into strain RS105 by electroporation as described previously (Jiang et al., 2009; Zou et al., 2011a) . Electroporated cells were inoculated to NAN agar containing kanamycin and incubated at 28 uC for 4 days; the single colonies that emerged were then transferred to NB medium without sucrose and incubated at 28 uC for 16 h. The bacterial culture was then plated to NAS agar. Individual colonies that grew on NAS plates, but were sensitive to kanamycin, were considered to be potential deletion mutants in which two homologous recombination events had occurred at the two ecpB fragments, resulting in a 1308 bp deletion. The deletion of the targeted fragment was subsequently verified by PCR and Southern blot hybridization.
A deletion mutation in ecpA in both Xoc and Xoo was produced using the strategy described above. Primers PecpA1-F, PecpA1-R, PecpA2-F and PecpA2-R (Table S3 ) were used to amplify 598 and 564 bp fragments flanking ecpA in Xoc RS105 and Xoo PXO99 A , respectively. Two fragments were together ligated into pKMS1 at XmaI and PstI sites. The resulting plasmid, pKPecpA, contained the 1162 bp fusion fragment, and this was used to produce mutants RDecpA and PDecpA (Table S2) , which contained a 994 bp deletion in ecpA of Xoc RS105 and Xoo PXO99 A .
Constructs for complementation experiments. To construct plasmids for complementation of Tn5 mutants, a DNA fragment containing the coding region of ecpA Xoc and its native promoter was amplified using RecpA-F1 and RecpA-R1 (Table S3 ). This was cloned into plasmid pHM1 at EcoRI and KpnI sites, resulting in pHRecpA Xoc , IP: 54.70.40.11
On: Sun, 16 Jun 2019 04:05:55 and into pUFR034, resulting in pRecpA Xoc (Table S2) . A 1195 bp fragment containing the ecpA Xoc coding region was amplified with RecpA-F2 and RecpA-R2 (Table S3) , and ligated into pUFR034 at BamHI and EcoRI sites to produce pecpA Xoc (Table S2 ). The ecpA Xoo promoter region was amplified from genomic DNA with the primer pair PecpA.P-F and PecpA.P-R, and the hpa1 promoter was obtained using primers HpaI.P-F and HpaI.P-R (Table S3 ). The two promoter regions were inserted into pecpA Xoc at the KpnI and EcoRI sites, resulting in pPecpA Xoc and p1ecpA Xoc (Table S2) , which contain ecpA Xoc under control of the ecpA Xoo and hpa1 promoters, respectively. The recombinant plasmids pecpA Xoc , pRecpA Xoc , pPecpA Xoc and p1ecpA Xoc were electroporated into strains PXO99 A , PDecpA, RS105 and the ecpA deletion mutant RDecpA.
Pathogenicity assays in rice. Oryza sativa ssp. indica Shanyou63, which is susceptible to Xoc and Xoo, was used for pathogenicity assays. Xanthomonas strains were adjusted to a concentration of 3610 8 c.f.u. ml 21 (OD 600 0.5). The leaves of 2 week-old seedlings were infiltrated with bacterial cells using needleless syringes, with three inoculated spots per leaf. Symptoms were scored 3 (watersoaked symptoms within the infiltrated areas) and 6 days (BLS lesion lengths formed along leaf veins beyond the infiltrated areas) after infiltration. For quantification of lesion length, bacteria were inoculated into leaves of 2 month-old rice using the leaf-needling method for BLS (Zou et al., 2006) and by tip-cutting for BB (Cho et al., 2008) ; lesion lengths were measured 14 days after inoculation.
To determine bacterial growth, three 0.8 cm diameter leaf discs were harvested with a cork borer from inoculated leaves. After sterilization in 70 % ethanol and 30 % hypochlorite, leaf discs were ground with a pestle in 1 ml distilled water using a sterile mortar. Then the macerated mixture was diluted and plated to determine the c.f.u. cm 22 . Serial dilutions were spotted (10 ml per spot) in triplicate on NA plates with appropriate antibiotics. Plates were incubated at 28 uC until single colonies could be counted. The c.f.u. cm 22 leaf area was then estimated and the SD was calculated using colony counts from three triplicate spots from each of the three samples per time point per inoculum. Experiments were repeated at least three times.
Southern hybridizations. Southern blot analysis was performed to identify the number of Tn5 insertions in mutants obtained by random transposon mutagenesis. Genomic DNA from 12 mutants defective in ECPA was isolated, digested with PstI and separated by electrophoresis in a 0.8 % agarose gel. The DNA fragments were transferred to nylon membranes and hybridized with a digoxigenin-labelled fragment of transposon Tn5 that was amplified with primers P1 and P2 (Zou et al., 2011b) . Prehybridization, hybridization and posthybridization washes were conducted as recommended by the manufacturer (Roche).
Identification of Tn5 insertion sites. The genomic sequences flanking the Tn5 insertion sites were amplified by thermal asymmetrical interlaced PCR (TAIL-PCR) (Zou et al., 2011b) . Two sets of nested primers that are specific to ends of the transposon (SP) and six arbitrary degenerate primers (AD) were used for amplification (Zou et al., 2011b) . PCR was carried out at 95 uC for 45 s, with an initial annealing temperature of 55 uC for 30 s and 72 uC for 1 min. The annealing temperature was decreased by 0.5 uC each cycle for 20 cycles, and 10 additional cycles were executed with a constant annealing temperature of 45 uC for 30 s. TAIL-PCR products were gel-purified, cloned into the pMD18-T vector (Table S2) , and then sequenced to identify the insertion sites. The right and left fragments flanking the Tn5 insertion site were amplified by TAIL-PCR and sequenced in each mutant.
Overexpression and purification of EcpA Xoc protease. To express EcpA Xoc in E. coli, primers RecpA-F3 and RecpA-R3 were used to amplify the 1098 bp ecpA from Xoc RS105 strain (Table S3 ).
The PCR product was ligated into the expression vector pET30a(+) at NdeI and HindIII sites, generating an in-frame fusion with the Histag residues, and the resulting construct was transformed into E. coli BL21(DE3). Bacteria were cultured in LB medium at 37 uC to OD 600 0.5. The recombinant proteins were induced for 3 h by supplementation with 0.5 mM IPTG. Cells were harvested, washed in PBS, and then resuspended in 10 mM PBS (pH 7.5, 500 mM NaCl). After several freeze/thaw cycles, the cell suspension was sonicated for 2 min with an interval of 4 s between pulses, and then centrifuged at 5000 g for 15 min at 4 uC. The supernatant was then applied to Ni-NTA His-Bind Resin (Novagen). Protein samples (5 ml) were analysed by 12 % SDS-PAGE, and the protein concentration was determined using the Bio-Rad Protein Assay. The ECPA of purified EcpA Xoc (1 mg ml 21 ) and BL21(DE3) expressing EcpA Xoc as a His-tag fusion was analysed on NA with skimmed milk as described above. Purified EcpA Xoc (1 mg ml 21 ) was also infiltrated into leaves of 14 day-old rice seedlings with a needleless syringe. Symptoms were assessed 3 days post infiltration and compared with those caused by Xanthomonas strains.
To confirm the functional domain required for EcpA Xoc protease activity, the entire ORF present in the 1082 bp fragment was amplified with primers PecpA-F1 and PecpA-R1 (Table S3 ). To produce EcpA Xoc with a truncated C terminus, primers RecpA.N-F and RecpA.N-R (Table S3 ) were used to amplify an 849 bp fragment from the start codon GTG, resulting in EcpA 1-283 . Primers RecpA.C-F and RecpA.C-R (Table S3 ) were used to amplify a 447 bp DNA fragment of the C terminus, resulting in EcpA 218-366 , which encompasses the frame shift of Xoo EcpA. The PCR products were ligated into the expression vector pET30a(+) at BamHI and HindIII sites, generating an in-frame fusion for IPTG induction. Primers RecpA-F3/EcpA R .N.R and EcpA R .C.F/PecpA-R1 (Table S3 ) were used to amplify a 792 bp N terminus of EcpA Xoo from start codon GTG and a 327 bp C terminus of EcpA Xoc , including the stop codon TGA, respectively. After treatment with NdeI/BamHI and BamHI/HindIII, the two fragments were fused into the expression vector pET30a(+) at NdeI and HindIII sites, generating pEecpA R (Table S2 ). This construct overexpressed a recombinant EcpAR consisting of the Nterminal region of EcpA Xoo fused with the C-terminal region of EcpA Xoc in E. coli.
Semiquantitative RT-PCR analysis. To determine whether the ecpA Xoc gene is induced in planta, rice cell suspensions were used. Rice (cv. Shanyou63) callouses were induced, and suspended cells were grown in N6 medium with 2,4-dichlorophenoxyacetic acid (5 mg ml 21 ) and kinetin (6-furifuryl-aminopurine; 1 mg ml 21 ) at 26 uC in the dark. Suspended cells were subcultured weekly for at least five generations according to the standard dilution ratio of 1 : 50 to 1 : 100 in 50 ml cultures at 160 r.p.m.
To carry out semiquantitative RT-PCR analysis, RNA was isolated using TRIzol reagent (TaKaRa) from Xoc cells co-cultured with rice cell suspensions. Single colonies of Xoc strains were inoculated into 20 ml NB and grown at 28 uC for 24-36 h or to OD 600 0.8. A 2 ml sample of this culture was subcultured into 100 ml fresh NB and incubated for another 12-16 h (OD 600 0.5). After centrifugation at 6000 r.p.m. for 10 min at 4 uC, the pellet was washed twice in sterile water and each wash was followed by a 10 min centrifugation. The pellet was then suspended in sterile water to OD 600 2.0, and 40 ml of this bacterial suspension was inoculated into 1 ml of rice cell suspension. After incubation for 16 h at 26 uC, bacteria were collected by centrifugation at 12 000 r.p.m. for 5 min, and total RNA was extracted using TRIzol reagent (Invitrogen). The extracted RNA was treated with DNase I (Takara) and purified. cDNAs were obtained from reactions containing 2 mg total RNA using the RNA PCR kit as suggested by the manufacturer (Toyobo). These reactions were performed at 30 uC for 10 min, 42 uC for 1 h, and then heatinactivated at 75 uC for 5 min. A 1 ml volume of the cDNA product Microbiology 158 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Sun, 16 Jun 2019 04:05:55 and the gene-specific primers (Table S3 ) were included in the following reaction: step 1, 95 uC for 5 min; step 2, 95 uC for 50 s; step 3, 53 uC for 30 s; step 4, 72 uC for 40 s; 35 cycles of steps 2-4; and step 5, 72 uC for 7 min. The Xoc 16S rRNA gene was used as an internal control to verify the absence of significant variation in cDNA levels. The amplified products were analysed in 1.2 % agarose gels.
Sequence analysis. DNA and protein sequences were analysed by BLASTN/BLASTX (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and compared with the genome of Xoc BLS256 strain (CP003057.1). Promoter and Sec signal peptide predictions were performed using tools provided by the Berkeley Drosophila Genome Project (http://www.fruitfly.org/ seq_tools/promoter.html) and the SignalP 4.0 Server (http://www.cbs. dtu.dk/services/SignalP), respectively.
RESULTS

Identification of a gene encoding a secreted extracellular protease
Previously, we obtained 12 ECPA-defective mutants which were screened from our Tn5-tagged mutant library of Xoc strain RS105 (Zou et al., 2011b) , but the Tn5 insertion sites in these strains were not clearly defined. Thus, these mutants with altered protease activity were reassessed on NA medium containing 5 % skimmed milk. Compared with the wild-type RS105, five mutants, which were designated Mxoc0310, Mxoc0622, Mxoc0847, Mxoc1140 and Mxoc1540, were reduced in their ability to degrade skimmed milk ( Fig.  1a , Table S1 ), suggesting that Tn5 had inserted into genes involved in ECPA. The other seven mutants, Mxoc0110, Mxoc0142, Mxoc0381, Mxoc1101, Mxoc1351, Mxoc1357 and Mxoc1388 (Table S1 ), did not produce degradation haloes on media containing 5 % milk (Fig. 1a) , implying that these loci are required for ECPA.
To begin characterizing the Tn5 insertion sites, genomic DNAs were isolated from the 12 mutants and hybridized with a Tn5-derived probe. As shown in Fig. 1(b) , only one hybridizing band was found in each strain, implying that each mutant had a single Tn5 insertion. Subsequently, the sequences flanking the Tn5 insertion sites were amplified by TAIL-PCR and sequenced (Table S1 ). The genes disrupted in these 12 mutants were analysed by BLAST programs available at the NCBI database (www.ncbi.nlm.nih. gov/blast/) and compared with the genome sequence of Xoc BLS256 (CP003057.1). Mutants Mxoc0622 and Mxco0847 (Table S1 ), which are partially impaired in ECPA ( Fig. 1a ), contain Tn5 insertions in genes encoding an integral membrane protease subunit (AEQ95398.1, named as Imp) and S-adenosylmethionine decarboxylase proenzyme (AEQ98277, Amd), respectively. Three mutants (Mxoc-0310, Mxoc1140 and Mxoc1540) (Table S1 ) showed similar, reduced levels of ECPA ( Fig. 1a ) and contained Tn5 insertions in XOC_4202, which encodes a cAMP regulatory protein (AEQ98278, Clp). Seven mutants (Table S1 ) had Tn5 insertions in components of the T2SS, including xpsD (Mxoc0381, Mxoc1101 and Mxoc1357), xpsE (Mxoc0110), xpsF (Mxoc0142) and xpsJ (Mxoc1351). These mutants were completely defective in ECPA (Fig. 1a) , indicating that the T2SS is required for secretion of the extracellular protease. Mutant Mxoc1388 was also completely defective in ECPA (Fig. 1a) ; this mutant contained a Tn5 insertion in XOC_1688, which encodes an extracellular protease. This is the first extracellular protease genetically identified in Xoc, to our knowledge, and this gene (XOC_1688) was designated ecpA Xoc .
Extracellular protease EcpA Xoc is required for full virulence
To investigate whether extracellular protease was required for Xoc virulence in rice, the 12 Tn5 mutants (Table S1) were first infiltrated into leaves of 2 week-old rice seedlings (cv. Shanyou63) using a needleless syringe. All mutants induced water-soaked symptoms within the infiltrated areas; however, the symptoms (along leaf veins beyond the infiltrated areas) produced by the 12 mutants were less severe than those triggered by the wild-type RS105 at 6 days post inoculation (p.i.) (Fig. 1c) . To precisely assess the reduced virulence of the 12 mutants, they were inoculated into leaves of 2 month-old adult rice Shanyou63 using the leaf-needling method. At 14 days p.i., lesion lengths produced by the mutants were significantly shorter (reduced by ¢55 %) than those produced by the wild-type RS105 (Fig. 1d ). The lesions induced by the eight mutants that were completely defective in ECPA (Mxoc0381, Mxoc1101, Mxoc1357, Mxoc0110, Mxoc0142, Mxoc1351 and Mxoc1388) were significantly shorter (only 20 % of the wild-type length) than those produced by strain RS105 (Fig. 1d) . The lesion lengths produced by mutants with weak ECPA were about 40-50 % of those produced by the wild-type (Fig. 1d ). The reduction in lesion lengths produced by the mutants was consistent with the symptom severity and correlated with ECPA, suggesting that extracellular protease is required for full virulence of Xoc in rice.
Since EcpA Xoc is a putative extracellular protease, we sought to complement the ecpA Tn5-inserted mutant Mxoc1388 and the ecpA deletion mutant RDecpA (Table  S2 ). The ecpA Xoc coding region and native promoter were cloned into pHM1, resulting in a construct designated pHRecpA Xoc . Plasmid pHRecpA Xoc was introduced into both the ecpA Tn5-inserted mutant Mxoc1388 and the ecpA-deleted mutant RDecpA, resulting in strains Mxoc1388 (pHRecpA Xoc ) and CRDecpA (Table S2 ). The mutant RDecpA displayed the same deficiency in ECPA and virulence in rice as the Tn5 mutant Mxoc1388 (data not shown). To evaluate ECPA, strains were inoculated into NA containing 5 % milk and evaluated for halo production. RS105 and CRDecpA both produced haloes, indicating that ECPA was restored to the mutant when ecpA Xoc was in trans (Fig. 2a) . Additionally, virulence and bacterial growth in planta were restored to the mutant when ecpA Xoc was introduced in trans (Fig. 2b, c) . The other ECPAdefective mutants, excluding Mxoc1388, were not complemented by ecpA Xoc (data not shown).
ecpA Xoc expression is induced in planta
Using RT-PCR, we investigated expression of ecpA Xoc in rice cell suspensions at 0, 3, 6, 12, 24 and 48 h after inoculation. A 720 bp PCR product was amplified from RNA samples using ecpA Xoc -specific primers (Table S3 ). These experiments demonstrated that ecpA Xoc was strongly expressed beginning at 3-6 h after co-cultivation with rice cells, and expression continued throughout the sampling period ( Fig. 3a) . Similar levels of the 16S rRNA transcript were detected in all samples (Fig. 3a) . These data indicate that expression of ecpA Xoc is strongly induced in the presence of rice cells.
ecpA Xoc expression was also monitored in the clp (Mxoc0310), xpsD (Mxoc0381), imp (Mxoc0622), amd (Mxoc0847) and ecpA (RDecpA) mutants. After co-cultivation with rice cells for 12 h, RT-PCR was performed to assess the expression levels of ecpA Xoc in these mutants. As expected, ecpA Xoc was not amplified in the ecpA-deleted mutant RDecpA. Transcription of ecpA Xoc was similar in RS105 and the T2SS mutant Mxoc0381, and slightly reduced in Mxoc0622 and Mxoc0847, which contain Tn5 insertions in imp and amd, respectively. In the clp mutant (Mxoc0310), ecpA Xoc expression was significantly reduced relative to the wild-type (Fig. 3b ).
Purified EcpA Xoc mimics symptoms induced by Xoc in rice
To obtain further evidence that EcpA Xoc is an extracellular protease that plays a role in virulence, the enzyme was overproduced in E. coli. The overproduction of EcpA Xoc in E. coli strain BecpA Xoc (Table S2 ) was apparent as a single 38 kDa band in SDS-PAGE gels (Fig. 4a) . After incubation in medium containing 5 % milk and induction with IPTG, a strong degradation halo was observed surrounding the colony of the BecpA Xoc transformant (Fig. 4b) , implying that EcpA Xoc was produced and secreted by E. coli. This may be due to the presence of a Sec peptide (MKNVFLASFAAGTLAVVGVLGSAQAQS) at the N terminus of EcpA Xoc (data not shown). The His-tagged EcpA Xoc protein was then purified using His-Bind Resin in E. coli BecpA Xoc . Purified EcpA Xoc (1 mg ml 21 ) exhibited protease activity on NA containing 5 % skimmed milk (Fig.  4b) . In contrast, E. coli BL21(DE3) containing empty pET30a(+) lacked ECPA. When purified EcpA Xoc at 1 mg ml 21 was infiltrated into 2 week-old rice seedling leaves, chlorosis-and necrosis-like symptoms similar to initial BLS induced by the wild-type strain RS105 were observed at 3 days p.i. (Fig. 4c) . These results suggest that EcpA Xoc is a functional extracellular protease that contributes to BLS chlorosis-and necrosis-like symptom production by Xoc.
A frame shift in the coding sequence of ecpA Xoo abolishes ECPA in Xoo
There are 12 genes encoding components of the T2SS in Xoc (XpsC to XpsN), which are 95.7 % identical to homologues in Xoo (Fig. 5a) . Thus, the T2SS functions similarly in these two pathogens. The clp and amd genes are 100 % identical, and the imp gene shows 90.4 % nucleotide identity in the two pathovars ( Fig. 5a ). There are two candidate extracellular proteases in the two pathovars, EcpA (AEQ95856.1) and EcpB (AEQ97125. are almost identical in the two pathovars, but residues 283-366 are completely different (Fig. 5b) , and this variation is conserved in several Xoo strains, including MAFF311018 , KACC10331 (Lee et al., 2005) and PXO99 A . When the two nucleotide sequences were aligned, we identified an extra nucleotide sequence, GACAC, at positions 846-850 in ecpA Xoo . These additional residues result in a frame shift in the C terminus of EcpA Xoo , which explains the different coding sequence in the two EcpA proteins (Fig. 5b) .
To investigate the significance of the frame shift in EcpA Xoo , we overproduced the native EcpA Xoo , two truncated versions of EcpA Xoc and a fused EcpA R in E. coli (Table S2 ). EcpA 1-283 contains a deletion at the C-terminal end of EcpA Xoc corresponding to the start of the residues that differ from those of EcpA Xoo , and EcpA 218-366 contains the C-terminal EcpA Xoc corresponding to the frame shift of EcpA Xoo . A fusion protein, designated EcpA R , was constructed, and this contains residues 1-264 of EcpA Xoo fused to residues 258-366 of EcpA Xoc (Fig. 5b ). After induction with IPTG, the sonicated suspensions were spotted onto NA containing 5 % skimmed milk. The suspension containing the fusion protein EcpA R produced a degradation halo (Fig. 5b) . However, suspensions derived from EcpA Xoo , EcpA 1-283 and EcpA 218-366 lacked ECPA (Fig. 5b) . These results indicate that both the N and C termini of EcpA Xoc are required for protease activity, and suggest that the frame shift in EcpA Xoo has rendered the protein non-functional.
Heterologous expression of ecpA Xoc in Xoo
The ecpA promoter regions in Xoo and Xoc share 90 % identity, which prompted us to speculate that the ecpA promoter of Xoo functions similarly in Xoc. To test this, a 474 bp fragment containing the ecpA Xoo promoter region was fused with the promoterless ecpA Xoc (pecpA Xoc ) in pUFR034 (Table S2) . Additionally, the native promoter and coding region of ecpA Xoc were inserted into pUFR034, resulting in pRecpA Xoc (Table S2) , while pPecpA Xoo containing the native promoter and coding region of ecpA Xoo was used as a comparison. The hpa1 promoter was used to constitutively express ecpA Xoc and was cloned into pecpA Xoc to generate p1ecpA Xoc . All constructs were transferred into the ecpA-deleted mutant RDecpA and the wild-type RS105 (Table S2 ). When ecpA Xoc was expressed from the three promoters, RDecpA was complemented for ECPA almost at wild-type levels; furthermore, the additional expression of ecpA Xoc in RS105 significantly increased ECPA (Fig. 6a, b; P50.01, t test) . When ecpA Xoc was expressed from the ecpA Xoo or hpa1 promoters, the ecpA Xoc mutant was partially restored for ECPA ( Fig. 6a, b) . Inoculation assays demonstrated that the RDecpA mutant was complemented for virulence when ecpA Xoc was expressed via these three promoters (Fig. 6c ). Regardless of the promoter used to drive expression, ecpA Xoo did not complement the RDecpA mutant for ECPA or restore full virulence in rice (data not shown).
For comparison, we also transferred the above constructs into Xoo wild-type strain PXO99 A and the PDecpA mutant, an ecpA deletion mutant from PXO99 A (Table S2) , to investigate whether expression of ecpA Xoc confers ECPA and virulence upon this pathogen. Regardless of the promoter, expression of ecpA Xoc conferred ECPA upon the wild-type PXO99 A and the ecpA Xoo mutant, PDecpA (Fig. 7a ), although the ecpA Xoo and ecpA Xoc promoters were significantly stronger than the hpa1 promoter ( Fig. 7a,  b) . Thus, heterologous expression of ecpA Xoc confers ECPA upon Xoo. These results prompted us to investigate whether ECPA could function to increase the virulence of Xoo. Intriguingly, the expression of ecpA Xoc under the control of the ecpA Xoc , ecpA Xoo or hpa1 promoter significantly increased BB lesion lengths (Fig. 7c) , indicating that ECPA can contribute to BB lesion development when expressed in the vascular pathogen Xoo.
To investigate whether the native ecpA in Xoo is involved in virulence, the mutant PDecpA containing a deletion in ecpA Xoo (Table S2 ) was inoculated into 2 month-old rice leaves (cv. Shanyou63) by tip-cutting. As shown in Fig. 7(c) , no alteration in virulence was observed. This indicated that ecpA Xoo is dispensable for virulence in Xoo.
DISCUSSION
The plant cell wall is composed of various polysaccharides, including cellulose, pectic substances, hemicelluloses (e.g. xylan), proteins, lipids, lignin and other constituents (McNeil et al., 1984) . Multiple hydrolytic enzymes, including proteases, lipases, phospholipases and several CWDEs, are transported through the outer membrane in Gram-negative Xanthomonas strains and purified EcpA Xoc were infiltrated into rice leaves using needleless syringes. Symptoms were photographed 3 days p.i., and the results represent one of three independent experiments with three inoculated spots on five leaves for each sample. Panels: 1, RS105 (pHM1); 2, RDecpA; 3, CRDecpA; 4, 1 mg ml "1 of purified extracellular protease EcpA Xoc ; 5, BSA buffer (negative control).
bacteria via the T2SS (Sandkvist, 2001) . CWDEs are thought to result in the different and varied symptoms that are caused by Xanthomonas spp. and pathovars (da Silva et al., 2002; Niño-Liu et al., 2006; Hajri et al., 2009) . In Xoo, the main extracellular enzymes are xylanase (Ray et al., 2000; Rajeshwari et al., 2005; Sun et al., 2005) , cellulase , lipase/esterase (Jha et al., 2007) and endoglucanase (Hu et al., 2007) . In contrast, little is known about CWDEs in the closely related pathogen Xoc. Interestingly, no xylanase or cellulase activities were detected when we screened our Tn5 mutant library of Xoc (Zou et al., 2011b) , as found by Wang et al. (2007) . The plasticity in the ecpA gene loci between Xoc and Xoo may enable fast adaptation to host tissue (mesophyll vs vascular). For example, Xoo multiplies in vascular tissue of rice, where cell walls contain a large amount of xylan and little or no protein (Takeuchi et al., 1994) . Conversely, Xoc occupies the intercellular spaces between parenchyma cells where proteinaceous compounds are embedded. Thus, the ability to degrade membrane-embedded proteinaceous compounds may facilitate ingress by the mesophyll pathogen Xoc but be naturally inconsequential for the vascular pathogen Xoo. When Xoo is genetically equipped with exogenous ecpA Xoc under the control of three different promoters, the transconjugants seem more virulent in rice than the wildtype (Fig. 7) . The production of a functional EcpA Xoc in Xoo enhances BB symptoms in rice, which may be due to EcpA Xoc benefiting Xoo in nutrient acquisition for infection. The presence of xylanase, cellulase, lipase/esterase and endoglucanase in Xoo but not Xoc may lead to the loss function of EcpA in Xoo by frame shift mutagenesis.
In the current study, the Tn5 insertion sites in 12 Xoc protease-defective mutants were mapped to genes encoding the T2SS, Clp, Imp, Amd and EcpA. The T2SS in Xoo and Xoc consists of 12 Xps proteins that form the secretion apparatus (Lu et al., 2008) . The insertions in xpsD, xpsE, xpsF and xpsJ of Xoc blocked the secretion of EcpA Xoc and attenuated pathogen virulence (Fig. 1) . Thus, the T2SS plays an essential role in enzyme secretion by Xoc, and the mutation of genes encoding the T2SS reduced the virulence of this pathogen. These findings are consistent with previous reports for the related pathogen Xoo, in which mutations in xpsE and xpsF abolish xylanase and cellulase secretion and result in impaired virulence (Ray et al., 2000; Rajeshwari et al., 2005; Sun et al., 2005) . The precise roles of the xps genes in exoenzyme secretion and the pathogenesis of X. oryzae warrant further investigation. In this report, we demonstrated that the extracellular protease EcpA in Xoc is secreted through the T2SS and is involved in virulence (Figs 1 and 2) . Purified EcpA Xoc reproduced some BLS chlorosis-and necrosis-like symptoms when Xoc was inoculated into rice leaves (Fig. 4 ), suggesting that EcpA is a tissue-specific virulence factor. Water-soaked BLS symptoms may be caused by the complexity of the substrates produced by Xoc, though the mutation in ecpA Xoc did not produce protease (Fig. 4b) . EcpA Xoc may be one of the substrates that cause chlorosisand necrosis-like symptoms similar to those caused by the wild-type (Fig. 4c) . Thus, the mutation in ecpA Xoc did not impair water-soaked symptoms induced in rice by the pathogen (Fig. 4c) . In Xoo, a frame shift in ecpA Xoo abolished ECPA (Fig. 5) , which was dispensable for pathogenicity. Interestingly, the overproduction of EcpA Xoc increased the disease lesion size induced by both Xoc and Xoo (Figs 6, 7) . It is noteworthy that the mutation did not affect other bacterial traits, such as extracellular polysaccharide production, swimming motility, quorum-sensing molecular production and hypersensitive response in the non-host tobacco (data not shown). In contrast, the mutation in clp leads to attenuated ECPA (Figs 1 and 3) , suggesting that the global regulator Clp is required for the expression of EcpA Xoc . Since the mutation in RpfF reduces DSF (quorum-sensing signal) production, which impairs the expression of Clp in Xanthomonas (Büttner & Bonas, 2010), we assume that quorum sensing may be involved in the regulation of ecpA Xoc expression via influencing the expression of clp, possibly including amd and imp. Nevertheless, ECPA can be used as a reporter to investigate the role of quorum-sensing in Xoc pathogenesis in rice.
We also found that Xoc EcpA production was increasingly induced in planta (Fig. 3) . However, the mutation either in the hrpG gene, encoding a protein belonging to the OmpR family of two-component regulatory systems and activating the expression of hrpA and hrpX (Wengelnik et al., 1996) , or in the hrpX gene, encoding an AracC-type transcriptional activator in regulation of the expression of the hrpB to hrpF operons for theT3SS (Li et al., 2011 (Li et al., , 2012 , did not impair the expression of EcpA Xoc (data not shown). Indeed, in the promoter region of ecpA Xoc there is no plant-inducible promoter (PIP)-box characteristic of HrpX regulon genes (Tsuge et al., 2005; Furutani et al., 2009; Li et al., 2012) . This implies that Xoc EcpA is HrpG-and HrpX-independent, which is different from some, but not all, CWDEs in other Xanthomonas species. For example, Xoo cysteine protease is secreted by the T2SS and is HrpX-dependent (Furutani et al., 2004) . The extracellular protease encoded by hgr 71 is an HrpG-repressed and HrpX-dependent protein in Xcv (Noël et al., 2001) .
In earlier studies, two extracellular proteases, serine protease PRT1 and metalloprotease PRT2, were fractionated from culture supernatants of the vascular black rot pathogen X. campestris pv. campestris (Xcc) (Dow et al., 1990) . Later, a zinc-requiring metalloenzyme PRT3 was partially purified from the leaf-spotting mesophyll pathogen X. campestris pv. armoraciae (Dow et al., 1993) . Since PRT1, PRT2 or PRT3 predominate in different X. campestris pathovars and the prtA gene confers proteolytic activity upon heterologous pathovars (Dow et al., 1990) , it remains unclear which gene encodes a proteolytic protease in Xoc. In the genome of Xoc BLS256, there are two gene products annotated as extracellular proteases, AEQ95856.1 and AEQ97125.1, which correspond to EcpA and EcpB, respectively. Six ORFs are annotated as extracellular proteases in the genomes of Xoo and Xcc (Qian et al., 2005) ; however, only Xoo has an EcpB homologue. A mutation in ecpB did not abolish ECPA or virulence in Xoc, which indicates that this gene is dispensable for ECPA (data not shown). However, EcpA, a deuterolysin metalloprotease consisting of 366 amino acids, is highly conserved in Xcc, Xcv and X. axonopodis pv. citri. Although Xoo has an ecpA homologue, the frame shift in the C terminus (residues 283-366) has rendered the protein inactive, and a mutation in ecpA Xoo had no effect on bacterial virulence. Conversely, when ecpA Xoc was mutated in Xoc, the pathogen lost proteolytic activity and exhibited reduced virulence. In summary, our results indicate that ecpA has a role in the virulence of Xoc and contributes to both symptomology and disease lesion size.
CWDEs are a hallmark of plant-pathogenic bacterial secretomes, some of which have been shown to be involved in degradation of different plant cell wall components (Rajeshwari et al., 2005) . The T2SS-deficient mutants of Xoc, also unable to secrete EcpA (Fig. 1) , were severely virulence-deficient in rice ( Fig. 1) , like the Xoo T2SS mutant (Ray et al., 2000) . Paradoxically, purified T2SS proteins, such as cellulase and cellobiosidase, induce plant defences, including callus deposition and a hypersensitive response-like reaction, which can be suppressed by Xoo in a T3SS-dependent manner (Jha et al., 2007) . The chlorosisand necrosis-like symptoms in rice caused by EcpA Xoc are similar to those caused by the Xoc wild-type strain (Fig. 4 ), suggesting that Xoc EcpA or damage-associated molecular patterns (DAMPs) released from plant cell walls by Xoc EcpA might trigger plant defences. Our future work will be directed toward examining these possibilities.
